Investigating the Binding Mode of an Inhibitor of the MBNL1·RNA Complex in Myotonic Dystrophy Type 1 (DM1) Leads to the Unexpected Discovery of a DNA-Selective Binder
Chun-Ho Wong, [a] Stacie L. Richardson, [a] Yen-Jun Ho, [a] Alex M. H. Lucas, [a] Tiziano Tuccinardi, [b] Anne M. Baranger, [a] and Steven C. Zimmerman* [a] The development of small molecules that recognize specific DNA and RNA sequences or structures remains a critical challenge. If cell-permeable, such agents might allow the regulation of genes for therapeutic purposes or the targeting of DNA or RNA sites known to play some other roles in causing disease. A few general approaches to the recognition of double-helical DNA, [1] base mismatches, [2] G-quartets, [3] and other targets [4] have emerged over the past two decades. However, many difficulties remain. For example, it is often difficult to obtain high selectivity for DNA over RNA or vice versa. [5] We reported that ligand 1 binds CUG and CTG sites with similar high affinity and selectivity in RNA and DNA oligonucleotides, respectively. [6] Herein we show that ligands 2 and 3, with one or two N-methyl groups, respectively, selectively abolish RNA binding, with 3 giving a more than threefold increase in DNA affinity that could allow DNA-targeted gene therapy for myotonic dystrophy type 1 (DM1). [7] This work arose from the well-supported hypothesis that DM1 originates in the sequestration of the alternate splicing regulator protein, muscleblind-like 1 (MBNL1), by abnormally long CUG triplet repeats. It has been suggested that ligands able to bind selectively to these pathogenic triplet repeats might reverse the DM1 phenotype by inhibiting the MBNL1·RNA complex, allowing the splicing regulator to resume its normal function. [8] Much less attention has focused on agents that might shorten or halt the expansion of the CTG repeats found in the DMPK gene but this DNA sequence has been identified as a potential target for molecular therapy.
[9] Thus, we developed ligand 1, [6] which selectively binds CTG and CUG sites and inhibits the MBNL1·CUG complex. [10] The design of ligand 1 was based on the X-ray crystal structure of r(CUG) 6 determined by Berglund, [11] which showed the CUG repeat in a standard A-form helical structure with the UÀ U mismatch flanked by GÀC pairs. The triaminotriazine unit was selected as a Janus wedge [12] [13] [14] to form a base triplet with UÀU (Figure 1 A) . Critical to the design was the assumption that the two heterocycles would p-stack, reducing the nonspecific intercalation (Figure 1 B) . Insertions from the minor and major groove were considered, but the former was in line with the intercalation preference of 9-aminoacridine. [15] The data collected for ligand 1 was consistent with the binding model shown in Figures 1 and 2 A. However, a de-twinned CUG repeat structure with high-resolution hydration details [16] led us to consider other possible binding modes. In particular, there was concern that the minor groove base-triplet model (Figure 2 A) required the lengthening of the C1'ÀC1' distance of the UÀU from 10.4 to 13.8 . Although the RNA minor groove is wide and shallow, 3.4 is a significant increase in the C1'ÀC1' distance ( Figure 2 A) and may signal a distortion in the DNA or RNA backbone that is energetically unfavorable. [17] This distance is even longer than that of a GÀA purine-purine [a] 0.8 AE 0.4 n.b.
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[a] n.b.: no measurable binding and a lower limit of K d > 200 mm is assigned. [b] Herring sperm DNA. Figure 5 . Analysis of the C1'ÀC1' distance of 10 ns MD simulations of A) the major groove triplet binding and B) the minor groove stretched wobble binding. The average C1'ÀC1' distance for all the base pairs is reported in black, whereas C1'ÀC1' distance of the UÀU pair involved in the binding with the triaminotriazine ring is reported in gray.
pair (12.5 ) . [18] In fact, repeated attempts to model r(CUG) 6 ·1 with the ligand in the minor groove failed to yield a stable complex.
Modeling showed that the water molecule bridging the two uracil bases in a stretched wobble pair (Figure 2 C) could be replaced by the triazine unit in the minor groove (Figure 2 D) . [19] This led to a smaller structural reorganization of the original pair (Figure 2 D) . Further, modeling of a major groove base triplet suggested a C1'ÀC1' distance even closer to that in the X-ray structure (Figure 2 B) . In absence of direct structural information, an extended "methyl scanning" approach [20] appeared to be ideal to distinguish between models in Figure 2 A and 2 D. Thus, N-methylated analogues 2-6 were synthesized and tested using isothermal titration calorimetry (ITC) with both d(CTG) 2 and r(CUG) 2 ( Figure 3) . The ability to inhibit the MBNL1·CUG interaction was examined by electrophoretic mobility shift assays (EMSA). These methods were supplemented with molecular dynamics (MD) simulations. The methyl scanning method was possible because the number of hydrogen bonds differ significantly in the base triplet (Figure 2 Aand B) and the stretched wobble binding modes (Figure 2 D) . In particular, the wobble binding mode has two, possibly three, free NÀH groups, whereas only a single NÀ H group is free in the triplet binding modes.
The possibility of base-triplet recognition through the major groove was also considered, because simple modeling indicated the C1'ÀC1' distance to be minimally adjusted from 10.4 to 10.1 (Figure 2 B) . Indeed, an unconstrained 10 ns MD simulation showed ligand 1 could fit satisfactorily in the major groove (Figure 4 A and Video S1). The MD simulation of the minor groove stretched wobble binding was also performed (Figure 4 B and Video S2). Although fewer hydrogen bonds are formed, the unconstrained simulation led to a stable structure. The average C1'ÀC1' distance of the UÀU mismatch is moderately lengthened by 0.4 (11.8 vs. 10.4 , see Figure 5 ).
The d(CTG) 2 recognition by 1-6 was measured by ITC and all K d values are collected in Table 1 . Ligand 3 was found to bind more than threefold stronger than ligand 1 (K d = 0.12 mm for 3 vs. 0.39 mm for 1), whereas ligands 2, 4, and 5 each bound d(CTG) 2 but progressively more weakly than 1.
[21] Ligand 6, carrying three methyl groups, showed no measurable binding to d(CTG) 2 . Because of the limited aqueous solubility, we were only able to assign a lower limit of K d > 200 mm. The combined ITC and modeling results are consistent with Watson-Cricktype recognition of the stretched wobble pair (Figure 2 C ). An unconstrained 10 ns MD simulation further suggested the weakly bound thymine could be flipped-out from the dsDNA (Video S3 and Figure S3 ). In contrast to the results with d(CTG) 2 , ligand 3 did not bind under similar conditions to r(CUG) 2 ( Figure 6 , Table 1 ) and, indeed, the single N-methyl group in 2 was enough to eliminate ligand binding. The only CUG-binding, N-methylated ligand was 4, and even its K d was seven times weaker than that of 1. All methylated ligands also showed reduced affinity towards herring sperm DNA (hsDNA). The ability of the recognition unit to stack on the intercalator is enhanced by methylation which in turn reduced the nonspecific intercalative binding to duplex DNA.
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To assess the potential of these ligands for drug development, their binding affinity to various DNA and RNA duplexes was studied by ITC (Table S1 ). All methylated ligands showed reduced affinity toward the duplexes, including hsDNA. The ability to complex other mismatches was also measured. In general, these ligands exhibited high selectivity (up to 1600-fold) for DNA over RNA mismatches. The ligands were also found to bind weakly to purine-purine mismatches. Interestingly, all the methylated ligands bind quite strongly (K d = 0.13-2.0 mm) to d(CCG) 2 , a trinucleotide repeat sequence associated with Fragile XE syndrome [23] and chronic lymphocytic leukemia, [24] thus suggesting a potential molecular therapeutic approach to these diseases that warrants additional study.
The ability of ligands 1-6 to inhibit MBNL1 binding to r(CUG) 12 was measured by EMSA, and the results paralleled the ITC data. Thus, only ligands 1 and 4 showed inhibition (Figure 7) . Although nothing can be said about the groove preference from these experiments, the MD simulations favor major groove triplet formation (see above), and it is known that loop and mismatch structures can enhance the accessibility of the major groove. [25] The combined experimental and computational approach described herein suggests that this class of ligands bind DNA and RNA by significantly different modes. Thus, it is proposed that ligands 1 and 4 recognize the UÀU mismatch in RNA through formation of a major groove base triplet (Figure 8 A) whereas ligands 1-5 bind the TÀT mismatch in DNA through the stretched wobble pair (Figure 8 B) . These binding modes also explain the decreased binding to UÀU by 4 (K d = 14 mm vs. 2.1 mm for 1) and to TÀT by 5 (K d = 50 mm for 5 vs. 0.39 mm for 1). Thus, the CÀNH(Me) bond rotation [26] leads to unfavorable binding for one or more of the rotamers. [27] In conclusion, we have used the methyl scanning method combined with MD simulations to indirectly investigate the possible binding modes by which ligands 1-5 recognize CUG and CTG sites in RNA and DNA, respectively. Beyond informing on the binding mode, the ability to substitute the amino groups of ligand 1 suggests these as sites for further modifications that might enhance the selectivity and efficacy of these lead compounds in treating DM1.
More significant was the unexpected discovery of DNA-selective ligands for CTG. Whereas ligand 1 binds both CUG and CTG with similar strength, ligand 3 showed a more than threefold increase in affinity to CTG with negligible binding to RNA. It was also found that these ligands showed reduced binding toward DNA and RNA duplexes (i.e., without mismatches) upon methylation, potentially opening an avenue for a DNA-targeted molecular therapy of DM1. [7] Competitive binding to the corresponding CUG transcript would be expected to reduce the effectiveness of this approach and could also complicate efforts to assess the DNA-targeted approach. More broadly, this study increases our knowledge of how small molecules can selectively recognize nucleic acids.
